As the mammalian outer retina develops, rod and cone photoreceptors synapse with their respective bipolar cells. Sarin et al. (2018) develop a somatic CRISPR technique to determine how genes differentially expressed among the four cell types mediate outer retina development.
Neurons do not function in isolation. Instead, they synapse with each other to form complex and robust circuits that interpret stimuli from the environment and transmit information to allow the organism to respond appropriately. Such precise neuronal wiring presents a fascinating question, addressed in this issue of Neuron (Sarin et al., 2018) : How does this circuit form during development? Understanding such staggering complexity requires a well-defined system in which circuit formation can be assessed after the genetic manipulation of individual neurons or neuron types.
Sarin et al. choose the well-described outer retina of the mammalian visual system to understand the mechanisms that direct the formation of neuronal circuits. In the outer retina, rod and cone photoreceptor cells reside in the outer nuclear layer (ONL), while bipolar cells reside in the inner nuclear layer (INL) ( Figure 1A ). Rod photoreceptors synapse with rod bipolar cells and cone photoreceptors synapse with cone bipolar cells (with some rare exceptions) in a neuropil called the outer plexiform layer (OPL), positioned between the ONL and INL (Behrens et al., 2016; Sanes and Zipursky, 2010) . Horizontal cells form synapses with both types of photoreceptors in the OPL.
Sarin et al. begin their study with the hypothesis that molecules differentially expressed between cones, rods, cone bipolar cells, and rod bipolar cells may help ensure that the outer retina is wired properly. RNA sequencing of the four isolated cell types during development of the outer retina results in hundreds to thousands of differentially expressed genes. To identify targeting candidates within the large list of differentially expressed genes, the authors narrow their focus to differentially expressed cell surface and secreted proteins, which are crucial for many intercellular interactions (Kolodkin and TessierLavigne, 2011) . Nearly 200 cell surface and secreted proteins are differentially expressed between rods and cones. Similarly, nearly 200 cell surface and secreted proteins are differentially expressed between rod and cone bipolar cells.
Historically, genetic manipulation of retinal cells would require that germline knockouts be made (Bouabe and Okkenhaug, 2013) . Although this method has successfully identified molecules required for retina formation (Duan et al., 2014; Krishnaswamy et al., 2015) , it is not possible to scale up this method to test dozens of mutants for a function in targeting. To overcome this limitation, the authors develop a method to easily introduce homozygous mutations into somatic cells using CRISPR.
In CRISPR, a guide RNA directs the Cas9 protein to generate doublestranded DNA breaks in specific genomic locations (Doudna and Charpentier, 2014) . Imperfect DNA repair results in mutant alleles, and efficient CRISPR can result in homozygous mutant cells (if both alleles are mutated). The authors thus reason that introduction of a DNA plasmid encoding Cas9 and a guide RNA targeting a gene of interest into the developing retina could produce homozygous mutant cells and that wiring phenotypes could be subsequently assayed.
Indeed, electroporation of CRISPR constructs targeting five previously identified rod-specific genes and two cone-specific genes early in the development of the retina results in the expected mutant phenotypes. The rate of deleterious mutations can be remarkably high: nearly 90% of all cells electroporated with CRISPR constructs targeting a transcription factor required for rod identity show the expected (recessive) mutant phenotype, and begin to do so 5 days after initiation of somatic CRISPR, indicating that mutant cells can be assayed soon after manipulation.
With this new technique validated, Sarin et al. use somatic CRISPR to determine whether 30 (of about 400 total) cell surface and secreted proteins differentially expressed between the two photoreceptor types or between the two bipolar cell types are required for proper wiring of the retina. CRISPR-mediated somatic mutations in eight genes lead to a variety of aberrant phenotypes within the OPL. Mutation of Wnt5a/Wnt5b leads to a particularly striking phenotype.
Of 19 Wnt ligands present in the mouse genome, Wnt5a and Wnt5b are expressed exclusively in rod bipolar cells. Somatic CRISPR mutations in these two Wnt ligands in the retina result in two OPLs, with one positioned more apically than the other ( Figure 1B ). Analysis of cell-specific markers confirms that the extraneous OPL is structurally similar to a wild-type OPL, with rod cells, cone cells, bipolar cells, and horizontal cells present. Importantly, rod bipolar cells seem to synapse with rod photoreceptors in both OPLs.
The ability of a secreted ligand expressed in rod bipolar cells to ensure proper positioning of the OPL suggests that a Wnt receptor in a retinal cell could respond to this ligand. The advantage of the somatic CRISPR system is particularly highlighted by the next set of experiments, which identify the Wnt pathway components and the tissues within which the Wnt signaling pathway acts to ensure proper OPL positioning. Wnt ligands can act through several receptors. Using somatic CRISPR, Sarin et al. determine that Wnt5a/Wnt5b signal through the receptor tyrosine kinase Ryk; its co-receptors, Fzd4 and Fzd5; and the downstream Dvl1 protein to ensure proper OPL positioning, as CRISPR-mediated mutations in these factors phenocopy the Wnt5a/ Wnt5b mutant phenotype.
While expression of the Wnt5a/Wnt5b ligands is restricted to rod bipolar cells, the Ryk receptor is more broadly expressed in the retina. In experiments described above, CRISPR-mediated mutagenesis was restricted to the retina, but any cells of the retina that were mitotic or whose progenitor was mitotic at the time of electroporation could be mutant. To determine which cell type requires functional Ryk to prevent the formation of a second, ectopic OPL, the authors modified the promoter upstream of Cas9 to restrict Cas9 expression to a single retinal cell type. Mutating Ryk specifically in rod photoreceptors is sufficient for the formation of an ectopic OPL. Thus, Wnt5a and Wnt5b secreted from rod bipolar cells interact with rod photoreceptors via the Ryk/Fzd receptors to ensure synaptic connections between these cell types in a single OPL.
To How might Wnt signaling ensure that a single OPL forms between the ONL and INL in the retina? The authors propose three models ( Figure 1C) . First, Wnt5a-and Wnt5b-directed neurite growth could result in rod photoreceptors reaching the OPL. A duplicated OPL could form if rod photoreceptors fail to reach the OPL in the absence of Wnt signaling. Second, Wnt signaling may be required for rod photoreceptors to maintain the appropriate connections in the OPL. Without such stabilization, rods could retract and form the ectopic OPL. Third, the authors unexpectedly find that photoreceptors and bipolar cells are not initially spatially segregated during wild-type retina development; instead, the OPL is positioned within the ONL, with rod photoreceptors present on either side. Thus, Wnt signaling may promote the migration of rod photoreceptors toward the true ONL to ensure that the OPL is positioned between the ONL and INL.
The above models present several plausible ways in which disruption of Wnt signaling between rod photoreceptors and rod bipolar cells could result in the formation of an ectopic OPL. Intriguingly, this ectopic OPL also contains all other cells of the OPL-cones, cone bipolar cells, and horizontal cells. This suggests that a distinct, cell non-autonomous, yet unidentified signal (perhaps from the ectopically localized rods) recruits these additional cell types to the ectopic OPL.
Wnt5a/Wnt5b and Ryk CRISPR mutations lead to a duplication of the OPL only in a small portion of the retina. Similarly, conditional Ryk mutants in rod photoreceptors and germline Dvl1 mutants also result in a low penetrance phenotype. Given that wiring a retina is extremely complex, it is perhaps unsurprising that mutations in a single factor do not cause fully penetrant phenotypes. Instead, redundant mechanisms likely exist to ensure that wiring of neuronal circuits is robust and resistant to genetic and environmental perturbation. In fact, several molecules required for neurite targeting in mice and other organisms have been identified and penetrance of the mistargeting phenotype is often quite low (Tessier-Lavigne and Goodman, 1996) . The developed CRISPR technique is well suited to identify redundant pathways, as creation of double mutants would simply require that two guide RNAs be introduced simultaneously. In fact, this study already successfully uses this approach: while single CRISPRmediated mutations in the Ryk co-receptors Fzd4 or Fzd5 do not produce a phenotype, simultaneous mutations in both Fzd genes result in an ectopic OPL.
This study demonstrates the advantages of combining diverse methods to study a complex problem: the authors combine a detailed description of retina development together with transcriptome data, a CRISPR-based mutagenesis strategy, and an in vitro assay to understand how two types of neurons-rod photoreceptor and rod bipolar cellsmake proper connections within the OPL. Given the enormous amount of data generated by their transcriptome comparisons, the authors wisely focus on receptors and secreted molecules and identify several candidates that, when mutated, disrupt formation of the outer retina. Their initial success suggests that this approach will identify additional wiring molecules. Expanding the candidate list beyond cell surface receptors and secreted proteins could identify the upstream factors (i.e., transcription factors) that ensure that the receptors and secreted proteins that contribute to proper wiring are uniquely expressed in a single cell type, and could also identify the downstream factors that function within the cell to ensure proper growth and/or wiring after reception of the secreted ligand. This transcriptional dataset, together with the ability to generate and assay functional mutations in the retina within just a few days, promises to contribute significantly to our understanding of the molecular mechanisms that direct the formation of functional neuronal circuits.
